Abstract
. The primary role of shelterin is to mark telomeres as the natural chromosome ends and suppress the DNA damage response pathways at telomeres [5] . Readers are referred to the excellent comprehensive reviews about the end-protection mechanisms conferred by the shelterin complex [5] [6] .
Due to the inability of the conventional DNA polymerases to completely duplicate linear chromosomal DNA and additional nuclease degradation of telomeric DNA, telomeres in human [7] . Critically short telomeres result in telomere deprotection and activate DNA damage response pathways, leading to cellular senescence or apoptosis. Such progressive loss of telomere DNA is visualized as a mechanism to limit the proliferative ability of the dividing cells [7] . Telomere [70, [77] [78] . Comparable telomereassociated phenotype has been observed in mice null for both WRN and mTerc [79] [80] . Given that WRN localizes to telomeres during the S phase [78] , and the helicase activity of WRN unwinds G-quadruplexes [81] [82] , it is highly possible that WRN is an important player in resolving structural barriers generated during replication. In agreement with this view, the amount of ss G-rich DNA significantly increases during S phase upon the removal of WRN, suggesting replication fork stalling at lagging telomeres [70] . Notably, both TRF2 and POT1 are able to stimulate WRN's helicase activity in vitro [81, [83] [84] . Taken [85] [86] [87] . Like WRN, BLM is able to unwind G-quadruplexes [88] [89] . It binds to TRF1 and its helicase activity can be stimulated by certain shelterin proteins on a variety of DNA structures in vitro [81, 83, 90] 
Flap endonuclease 1 (FEN1)
FEN1 is a conserved, structure-specific endonuclease involved in various DNA metabolic pathways [91] [92] . It recognizes a dsDNA with a 5Ј displaced flap structure, a common intermediate arising during lagging strand replication and long patch base excision repair [92] . FEN1 possesses three distinct nuclease activities: 5Ј→3Ј FEN, 5Ј→3Ј exonuclease and gap-dependent endonuclease (GEN) [93] . The FEN activity is used in the removal of RNA primers during Okazaki fragment processing either alone on short flaps, or with Dna2 on longer flaps [94] [95] [96] . FEN1 is also needed in DNA repair, particularly in the removal of damaged base [93] .
Studies from budding yeast suggest that the FEN1 homologue Rad27 is likely to be responsible for the generation of G-overhangs at the lagging telomere ends [97] [98] . Possibly due to the role of Rad27 in G-overhang generation, deletion of rad27 causes an accelerated senescence phenotype in strains also lacking components required for telomerase activity [98] .
In human cells, FEN1 localizes at telomeres during the S and G2 phases of cell cycle and associates with at least one shelterin protein, TRF2 [56, 99] . In telomerase-expressing cells, FEN1 forms a complex with the catalytic component of telomerase, hTERT [100] . Although the functional importance of this association is yet to be explored, it has been shown that FEN1 depletion leads to progressive telomere shortening in cancer cells [100] , suggesting that FEN1 may assist telomerase in elongating telomeres. In addition, FEN1-deficient mouse embryonic fibroblasts showed increased telomere end-to-end fusions [100] .
In telomerase negative human fibroblasts, depletion of FEN1 leads to the loss of sister telomeres replicated by lagging strand synthesis, and as a consequence, resulting in an increase of dysfunctional telomeres as revealed by ␥-H2AX precipitated telomere DNA [101] . This is attributed to FEN1's GEN activity, which has been implicated in replication fork re-initiation [102] [103] 
Dna2
Dna2 is a helicase and nuclease whose function is implicated in the maturation of Okazaki fragments alongside FEN1 on longer flap intermediates [96] . In Saccharomyces cerevisiae, Dna2 localizes at telomeres in a cell cycle regulated manner and has a role in both telomere replication and perhaps capping as well [106] . In S. pombe Dna2 is also involved in the generation of telomeric overhangs [107] . However, its telomeric function in higher eukaryotes remains largely unknown. [109] . TRF2 also induces positive supercoiling of DNA, suggesting that its binding to positive supercoils may be energetically favoured [110] . Such activities are proposed to be used for sensing the topological stress created by fork progression and then recruit proteins such as Apollo and Top2␣ to release the topological strain [109] [111] [112] . In agreement with this view, a recent in vitro study using Xenopus cell free extract shows that TRF2 binds to the telomeric DNA substrates to initiate replication in an origin-dependent manner [113] . Notably, pre-RC proteins such as ORC2, minichromosome maintenance (MCM)6, Cdc6 also assembled following the binding of TRF2 [113] . How TRF2 could promote all these activities probably relies on the formation of different protein complexes through its wide array of protein-protein associations [114] . Some of these associations in the context of replication are Apollo, WRN, BLM and FEN1 [84, 90, 99, 109] [115] . [109, 117] . Apollo's nuclease activity is also crucial for protecting interstitial telomere repeats [109] , strongly suggesting that Apollo could be involved in the progression of replication fork through telomeric chromatin. Such protection is achieved by the cooperation between TRF2, the nuclease activity of Apollo, together with Top2␣ to effectively resolve the positive superhelical stress generated during the replication of telomeric DNA [109] . However, the molecular mechanism of this coordination remains to be elucidated. [81] . In the absence of WRN, POT1 is required for normal replication of leading daughter telomeres [70] . It is further demonstrated that purified POT1 possesses a higher affinity to ss G-rich DNA than RPA, which accumulates at telomeres when WRN is deficient [70] . It Fig. 1A .
Functions of telomere binding proteins in telomere replication

. Second, TRF2 is potentially involved in the dissolution of t-loops and holliday junctions [110]. This event is speculated to be aided by local telomere unwinding factors such as BLM and WRN. Furthermore, TRF2 is likely to be involved in the formation of pre-RC in order to initiate replication at telomeres, as TRF2 interacts with the origin recognition complex (ORC) and reduction of TRF2 leads to reduced ORC binding and pre-RC assembly at telomeres
. It has been proposed that TRF2 essentially acts as a protein hub and coordinates the associations with various proteins by recruiting them to telomeres at different stages during the cell cycle for efficient telomere maintenance
Apollo
Apollo is a 5→3Ј exonuclease acting in a TRF2-dependent manner in protecting telomere ends from DNA damage response during the S phase [116-117]. Its nucleolytic activity is implicated in the protection of leading strand telomeres and efficient G-overhang maintenance in mammalian cells [38], but appears to be dispensable for G-overhang generation in human cells [109]. Expression of the nuclease-inactive Apollo results in S-phase specific defective telomeres, leading to increased telomeric fusions and accelerated onset of senescence
POT1
POT1 binds to ss G-overhang and plays an essential role in telomere capping and chromosome end-protection [12, 118-123]. It represses the activation of ATR-mediated DNA damage response induced by dysfunctional telomeres [123-124]. Moreover, biomedical analysis shows that human POT1 protein stimulates the activities of the helicases WRN and BLM in unwinding G-quadruplexes in vitro
The delayed telomeric C-strand synthesis at late S/G2 phasean additional regulatory step of telomere maintenance
Elongation of telomeres requires extension of both strands of telomeric DNA. While telomerase elongates the G-strand, extension of C-strand is thought to be accomplished by a DNA polymerization step similar to lagging strand synthesis. Lack of this synthesis
Fig. 1 (A) Activities of shelterin and replication factors during telomere replication. Challenges encountered while replication fork passes through telomere repeats are G-quadruplexes, heterochromatin, topological barriers and t-loops. The roles of various proteins in resolving these structural barriers that hamper replication fork progression is illustrated. WRN and BLM helicases unwind G4 and help in dissolving t-loops. TRF2, POT1 and RPA may also participate in unfolding G4 by stimulating the activities of WRN and BLM. TRF2 is essential for both forming and dissolving the t-loop. Progression of replication fork toward telomere ends causes local unwinding and subsequent accumulation of positive supercoils in the unreplicated DNA, which are efficiently resolved by TRF2 along with Apollo and Top2␣. TRF2 and FEN1 may possibly resolve the branched structures. (B) Diagram showing the possible events occurring at telomeres during and after telomere replication. Telomeres are replicated throughout the S phase. Replication of lagging strands produces ss G-overhangs, which are bound and extended by telomerase. During the late S/G2 phase, Pol␣ is recruited back to telomeres, most likely by CST, to carry out C-strand synthesis. In order for the blunt ended leading telomeres to be accessible to telomerase, they undergo initial resection to generate ss overhangs immediately after replication. It is unclear whether leading telomeres experience further end resection and C-strand synthesis during the late S/G2 phase. The processed telomere ends are converted into the protective t-loops.
would give rise to excessive long ss G-rich DNA, which could harm telomere protection. Indeed, this additional DNA synthesis process termed C-strand fill-in or C-strand synthesis has been observed in S. cerevisiae. Remarkably, C-strand synthesis occurs at the same time as telomerase extension of telomeres and appears to regulate telomerase activity in yeast [48, [125] [126] . Recently, two independent studies have revealed that human telomeres undergo C-strand synthesis as well [57, 127] . However, in human cells, this synthesis step is delayed until the late S/G2 phase, following global DNA replication and telomerase extension of telomeres [127] , suggesting that it is independent of telomerase action (Fig. 1B) . Therefore, the delayed C-strand synthesis could be more divergent in evolution. The current prevailing model of telomerase extension following telomere replication and being separate from C-strand synthesis may be an enhanced mechanism to avoid the persistence of excessive ss G-rich DNA generated during replication and further counteract accelerated telomere shortening in mammals.
Regardless of the purpose of C-strand fill-in, this delayed synthesis may be unique to telomeres and mechanistically different from general lagging strand replication, thus providing a new strategy for cancer therapeutics. Inhibition of C-strand synthesis in tumour cells is expected to disrupt telomere maintenance without actually affecting the overall telomere replication. This opens up a new arena of research toward understanding the precise mechanistic details of C-strand synthesis and determining the factors responsible for regulating this event.
Our lab has recently shown that inhibition of pol␣ activity during the late S/G2 phase completely blocks C-strand synthesis, suggesting that C-strand synthesis requires the activity of pol␣ [57] . Furthermore, inhibition of the activity of one of the major kinases regulating the cell cycle progression, cyclin-dependent kinase 1 (CDK1), accumulates ss G-overhangs at late S/G2 phase, indicating that C-strand synthesis may be under the control of CDK1 [57] . These observations provide molecular insight into the mechanism regulating C-strand synthesis in human cells.
The CST complex
While the molecular targets of CDK1 at telomeres and how it controls pol␣-mediated C-strand synthesis still remain to be determined, an evolutionarily conserved RPA-like heterotrimeric complex, the CST complex, has emerged as a key player in regulating C-strand synthesis [57, [128] [129] . In budding yeast, telomerase action and C-strand fill-in is excellently coordinated by the CST complex. CST specifically binds to telomeric ssDNA via the putative OB-fold domains and protects telomere ends in multiple ways by repressing telomerase activity, restricting extensive nuclease degradation of C-strand and mediating C-strand fill-in [52, 126, [130] [131] [132] [133] [134] [135] [136] . Cdc13 has a dual role in both positively and negatively regulating telomerase. It binds to G-rich strand DNA and recruits telomerase (Est2 and Est1) to telomeres [130] . Dysfunction of Cdc13 leads to extensive C-strand degradation and G-overhang elongation [126, 137] . Yeast Stn1 negatively regulates telomerase action and coordinates DNA replication of the opposing telomeric C strand [133] [134] [136] [137] . Based on the associations of both Cdc13 and Stn1 with pol␣, it is proposed that this complex could mediate the C-strand fill-in [52, 138] .
The presence of the CST homologues in higher eukaryotes has recently been validated [128] [129] [139] [140] . The mammalian CST is formed by Ctc1-Stn1-Ten1 [129] . This complex binds to ssDNA in a sequence-independent manner and localizes at telomeres [129] . Depletion of components of CST leads to a significant increase of G-overhangs in human telomeres and induces telomere dysfunction [57, [128] [129] . Interestingly, hCtc1 and hStn1 is also known as ␣ accessory factors AAF132 and AAF44 due to their ability to stimulate pol␣ activity in vitro [141] . Thus, it is highly likely that mammalian CST may promote the recruitment of pol␣/primase complex to the telomere DNA to carry out C-strand synthesis (Fig. 1B) .
Given the multifunctional roles of yeast CST at telomeres, it is likely that mammalian CST may play additional roles such as telomerase regulation, telomere capping and perhaps restricting C-strand resection. Consistent with this notion, hStn1 associates with one telomere capping protein TPP1 and C-terminal deletion of hStn1 results in telomere elongation [142] . Furthermore, recent genome-wide association analysis has linked the genetic variation of hStn1 with alteration in telomere length [143] . These observations underscore the necessity to further our understanding of the telomeric function of mammalian CST. 
Conclusions and perspectives
